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Abstract 
Computational fluid dynamic and order reducing methods have been extensively applied to predict the flutter onset 
speed of several types of aircrafts. However, the accuracy required by certification standards still ascribes flight testing as 
the only method available that safely validates the flight envelope of an aircraft. In particular, free-flutter conditions must 
be demonstrated in the target flight envelope, and several methods have been developed to determine the flutter onset 
speed in real-time when expanding the envelope during flight testing. Among the methods, the damping versus velocity 
technique combined with a flutter margin implementation remains the most common technique used for envelope 
expansion. Even with the popularity and "easy to implement" characteristics of this method, several shortcomings 
can adversely affect the identification of non-stable conditions during envelope expansion. Notably, the limit cycle 
oscillations conditions, distinct from flutter, cannot be accurately identified. This study proposes to apply a similar 
methodology to the flutter margin to anticipate limit cycle oscillations associated with freeplay in the plunge axis of a 
bi-dimensional airfoil that is aeroelastically representative of the tested aircraft. Analytical considerations are conducted 
to support this new approach, and a computer model is used to validate the proposed methodology. 
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Introduction 
Currently, the nutter margin (FM) concept1 appears 
as a valuable tool to predict the nutter boundaries 
during flight testing. However, the main hypothesis 
of that concept, which is based on two linear struc-
tural modes (typically torsion and bending, whose 
characteristic frequencies merge as the airspeed 
increases), produces low reliability when non-
linearities are present. When performing flight flutter 
tests, limit cycle oscillation (LCO) conditions can-
not be easily distinguished in real-time from flut-
ter, identifying an excessively conservative flutter 
envelope. LCOs can arise when structural and/or 
aerodynamic non-linearities produce aeroelastic 
instability. Theoretical and practical investigations 
have been performed regarding structural non-
linearities such as freeplay,2 5 large amplitudes,6,7 
and non-linear stiffness.8,9 Several studies have been 
performed to determine the influence of unsteady10,11 
and transonic12,13 aerodynamics on LCO generation. 
However, a definite on-line methodology to reliably 
predict a phenomenon such as LCOs from flight data 
by evaluating the distinctive characteristics of LCOs 
with respect to classic flutter remains as one of the 
most important techniques to develop.14 17 
In the present paper, a revision of the FM concept 
is proposed to predict LCOs when expanding the 
flight envelope; the prediction employs real-time 
flight data when freeplay non-linearities in the 
plunge axis are present. To implement this conceptual 
approach, the content and organization of this paper 
have been arranged in two main parts. The first 
part proposes an LCO mechanism based on a bi-
dimensional airfoil model that displays freeplay in 
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the plunge axis and quasi-steady aerodynamics. The 
second part validates this concept against a Simulink 
Model and a real F18 test case. The Simulink Model 
implements, in a virtual scenario, the classical meth-
odology that can be found when performing real flight 
flutter tests. For the F18 real test, previously pub-
lished data5 are used. Finally, conclusions and recom-
mendations are provided for future refinements of the 
proposed concept. 
Problem formulation 
The aeroelastic system is modeled as a two degrees-of-
freedom (2d.o.f.) airfoil with freeplay permitted in the 
plunging motion. To develop a fully analytical 
method and to maintain the physical significance, 
structural damping is not implemented and quasi-
steady aerodynamic forces are incorporated. The pro-
posed model is considered representative when flutter 
or LCOs develop because under these specific condi-
tions, only two main aeroelastic modes are prevalent, 
typically in the bending and torsion axes. 
Equations of motion 
The model, along with the sign criteria, is schematic-
ally shown in Figure 1. The popular bending/ 
torsion idealization (with freeplay in the plunge axis) 
is used to develop the equations. Elastic linear 
restraints, bending and torsion are applied about 
the elastic axis. Aerodynamic forces, consisting of 
lift and the pitching moment, also refer to the 
elastic axis. 
- Aerodynamic forces: Lift (L) and Moment (M) 
L = -2jtpb(h + Ua) 
M=2npb2{h + Ua) 
U 
a + -jU 
(1) 
(2) 
Because the freeplay in plunge is limited to 
[—8/2 +8/2] range, the analysis of the governing equa-
tions can be performed independently in three differ-
ent areas: 
For each Area defined in Table 1, first motion 
equation (3) changes, whereas the second motion 
equation (4) related to the pitch axis remains 
unchanged. Therefore, the first motion equation (3) 
can be expressed, for each area, as follows 
- Area I 
mh +2jtpbUh + Khh + Saa +2jtpbU a — Kk~ = 0 
(5) 
- Area II 
m h +2npb Uh + Sad +2npb U2a = 0 (6) 
- Area III 
m h +2npb Uh + Khh + Saa +2npb U2a + Kh- = 0 
(7) 
To develop a conceptual assessment, the dynamic 
behavior defined by the above equations (4) to (7) can 
be evaluated by setting <5 = 0. In that case, only the 
following equations can be considered 
m h +2npb Uh + Khh + Saa +2npb U2a = 0 (8) 
Sah -2itpb2(a + -)uh + Iaa 
Equations of motion can be expressed as the 
following 
)b2[a + -\uAa = 0 (9) 
The variables are altered as shown as follows 
h\ = h; /z2 = h; h\ = h2', /?2 = h;a\ = a: 
a2 = a; a\ = aj', dj = a (10) 
m h +2itpb Uh + Saa -\-2itpb U2a = F/, (3) 
(4) 
Sa h -2npbz ( a + - I Uh + Ia a 
2itpbl\ a + -\Uza = Fa 
where Sa = mbxa is the static mass moment per unit 
span about the elastic axis, and Fa and Fh are the 
structural forces, respectively, in the plunge and 
pitch axis. According to the main hypothesis, Fa is 
linear and Fh is only linear outside the [—8/2 +8/2] 
range (Figure 2). 
The following expressions are obtained 
h\ = h2 
fi2 = —\1Uh2 — u>iji\ — \iU a\ — bxaa.2 
d\ = a2 
1 
a2 Hxl-ri) 
brima- U2/jJ[xa + a + 
UiJJ[xa + a + -)h2- xawhh] 
(11) 
(12) 
(13) 
(14) 
Figure I . Airfoil model with plunge and pitch motion restrained by springs. 
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Figure 2. Bending and torsion idealization: pitch and plunge spring models. 
where the bending and torsion structural natural fre- where 
quencies are the following 
m 
(15) 
(16) 
ai\ 
an 
and the mass parameter is as follows 
litpb 
an 
m 
(17) 
Equations (11) through equation (14) are re-
arranged in matrix notation 
(18) 
//, 
hi 
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(20) 
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(24) 
Table I. Elastic forces (plunge axis) considered within each 
area. 
Area 1: 
Area II: 
Area III: 
Geometrical condition 
h > + /1 
-/I < h < /I 
h s£ - /I 
Elastic force 
Fh = -Kh{h-/1) 
h = 0 
Fh = -Kh{h + /1) 
The overall behavior of the airfoil is provided by 
the characteristic equation of the [4x4] matrix defined 
by the terms a2\, a22, a23, a4i, a42, and <z43. This equa-
tion will be different depending on every instant 
plunge value. When the airfoil is within the freeplay 
range (Area II), no bending stiffness is considered. 
When the airfoil is outside the freeplay range (Areas 
I and III), the bending stiffness must be considered. 
In Area II, freeplay is present in the plunge. 
Therefore, Kh = coh = 0 and coefficients 
a2\ = <24i = 0. Equation (18) transforms into the 
following 
(25) 
Low values of the mass parameter (17) results in 
the characteristic equation (expressed algebraically as 
an eigenvalue equation) 
h 1 
hi 
a\ 
012 -
" 0 
0 
0 
_0 
1 
«22 
0 
(242 
0 0 " 
a23 0 
0 1 
(243 0 
[Ai 
hi 
U] 
_ OLl 
a22p - (243 = 0 (26) 
Within Areas I and III, a linear stiffness in the 
plunge is present and, hence, Kh 7^  0. Therefore, coef-
ficients (221 i1 (241 i1 0. In this case, the characteristic 
equation obtained from equation (18) when a2\ • a43 
is considered small, produces the following 
P2 ~ a22p - (a43 + a2\) = 0 (27) 
In summary, within the freeplay range [Area II], 
the following can be written as 
(222 ± -
*22 ' 4(2, 43 
/ 'FREEPLAY (28) 
Outside the freeplay range [Areas I and III], the 
following can be written as 
on the magnitude of a2\, the term a2\ is the only dif-
ference between the two above equations. 
Additionally, because a2\ is always negative, the sta-
bility of the system depends on the inertia in the pitch 
axis and the structural plunge stiffness of the airfoil 
with respect to the terms a22 and a43, which mainly 
depend on the speed. Therefore, to achieve LCOs at 
speeds below flutter onset speeds when freeplay is 
noted in the plunge, a slightly divergent behavior 
must be permitted in the freeplay area. This behavior 
defines a clear LCO mechanism. When divergent 
behavior within the no-freeplay area is permitted, 
these system characteristics produce flutter without 
LCOs. Translating these conclusions into a phase 
plane defined by the plunge and plunge rate, the 
necessary condition to achieve LCOs at speeds 
below flutter onset is to have a system stationary 
state defined by a slightly divergent behavior within 
the freeplay range and a convergent behavior outside 
the freeplay range. In summary, two possible paths 
could be defined in the phase plane (Figure 3). 
The green closed curve corresponds to a stable 
LCO composed of a slightly divergent phase in 
the freeplay area plus a convergent phase in the 
no-freeplay area (completely defined by boundary 
conditions in points 1 to 4). This configuration is 
fully compatible with the solutions proposed in the 
above paragraphs. Orange closed curve corresponds 
to a degraded behavior of LCO and it is not con-
sidered in the present paper. 
To determine the LCO mechanism, the following 
conditions must be present: 
1. Within Areas I and III, the airfoil dynamics must 
be stable. From a mathematical point of view, the 
expected kinematics should be modelled by 
e_tsin(t). 
2. Within Area II, the airfoil dynamics must be slightly 
divergent. From a mathematical point of view, the 
expected kinematics should be modelled by e+dt. 
These conditions allow writing the general equa-
tion for the airfoil kinematics within Areas I and III 
hiju = Ae & sin(z + cp) (30) 
According to equation (30), the time required by 
the airfoil to pass through Area I or Area III is the 
half characteristic time 
AZyn = Ttja) (31) 
/ 'NONFREEPLAY 
(222 ± Jaj2 + 4((243 + (221) 
(221 < 0 
(29) 
Consequently, the different dynamic behaviors of 
the airfoil within or outside the freeplay range depend 
The general equation for the airfoil kinematics 
within Area II is as follows 
ka=B+ Ce+bt 
ha = C-b- e+bl 
(32) 
(33) 
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Figure 3. LCO considered paths in the phase plane. 
Considering that the freeplay is small within 
Area II, equation (33) can be linearized 
hu = C-b + C-b2-t (34) 
Therefore, within the freeplay Area II, the time 
required by the airfoil to pass through this Area is 
the following 
A/ZII = 8 = C-b- Atu 
Atn =S/C-b 
(35) 
(36) 
In addition, the acceleration remains constant and 
equals the following 
h C-b2 (37) 
Because LCOs are periodic and a chaotic state is not 
considered in this paper, the curve described by the 
plunge and plunge rate within the state space must be 
closed.16,18 The following conditions apply to points 1 to 
4 within the Phase Plane (Figure 3) during one cycle. 
Starting at point 1 and following the cycle from right 
to left, the pair [h, h'] in each point is the following 
Point 1 
Point 2 
h = 
h2 = 
:-b2 
+r 
& 
~ 2 ' 
• s/c 
h\ 
h--
•b = 
= h 
= h\-
--h-
-(/z'n 
-bS 
•Afn) 
(38) 
(39) 
Point 3 h :, h3 -h 2-e 
Point 4 : /z4 = + - hA = h3 — (hu -Atu) 
= h3+C-b2-S/C-b = h3+ bS 
Point 1 : hi = + - , h\ -hi, • e 
(40) 
(41) 
(42) 
Equation (42) sets the necessary condition for the 
airfoil to show a cyclic behavior (and display a closed 
curve in the phase plane). 
From equations (42) and (41), the following 
expression is obtained 
hi -(h3 + bS) • e (43) 
From equations (43) and (40), the following 
expression is obtained 
hi 
_ £ J T _ £ J T 
-(7/2 -e °> + bS) • e <» (44) 
From equations (43) and (38), the equation 
governing the necessary condition for an LCO is as 
follows 
hi {(hi - bSJ -SE , „ \ _£E e " — bo • e " (45) 
Vector 
Scope 
F i g u r e 4 . Interactive bi-dimensional Matlab-Simulink Model. 
Re-arranging the equation produces the following 
(46) bS 
e " +e " 
Because the freeplay is not usually known in 
advance, a mathematical condition independent of j -
must be found. After the LCO is noted for the first 
time, it persists until the flutter is encountered. 
Therefore, ¥- = 0 is a necessary condition for the 
LCO to be activated. Additionally, that condition 
should persist in time. So, a LCO Margin function 
could be defined as 
i7. LCO (47) 
Practical application to a simulation 
model 
To apply the methodology linked to the LCO Margin 
defined in the above paragraph, an interactive 
Matlab-Simulink model has been developed to simu-
late the "real world" flight test envelope expansion 
procedure. The model is outlined in Figure 4. 
When performing the envelope expansion, the fol-
lowing procedure is usually applied:15,19,20 
- The aircraft is excited, and the vibration response 
is measured using accelerometers and/or strain 
gages. 
- The data are curve-fitted using system identifica-
tion methods to determine the model parameters 
and track the modes of interest. 
- Using decision tools, i.e., FM estimator or even the 
experience of the test, the test progresses through 
the flight conditions. 
The simulation model is composed of two different 
parts: 
1. A bi-dimensional (plunge and pitch) aeroelastic 
model in which the user can set the airspeed in 
real-time. This implementation assumes incom-
pressible flow and "quasi-steady" aerodynamics. 
2. An excitation system (chirp signal in pitch ranging 
from 0 to 20 Hz) and a "real-time" Fourier ana-
lysis of the obtained signals in both plunge and 
pitch channels. 
Once the above model was validated using previously 
published data,16 18,20 the model was used to simulate 
the envelope expansion procedure and apply both the 
Flutter and LCO margins with and without freeplay 
in the plunge axis. The results are shown for the fol-
lowing model parameters (representative of real 
fighter aircrafts): (i = 0.2462; r„ = 0.6325; xa = 0.375; 
&VJ = 5 H Z ; ffl„ = 9Hz. To provide clear conclusions, a 
pitch control surface deflection "chirp shaped" ran-
ging from 0 to 20 Hz was selected as the excitation 
input (Figure 5). 
Simulation results 
Two sets of data, with and without freeplay, are pro-
vided. In both cases, the data are presented with the 
identical axis definition to facilitate the analysis. Each 
set of data provides the plunge and pitch time his-
tory response to the defined "chirp shaped" input 
and its Fourier Transform. This scheme is shown at 
different airspeeds: 20, 30, 40, 50, and 60m/s for no-
freeplay cases and 20, 40, and 54m/s for freeplay 
cases (S = [-0.01 +0.01]). Additionally, the FM tech-
nique and the proposed LCO margin (following a real-
istic envelope expansion procedure) are also 
presented. 
No freeplay: Modes evolution with free stream 
speed 
1. Free stream speed: 20m/s 
Once stabilized at 20 m/s, the excitation in the pitch 
axis is launched according to the pattern shown in 
Figure 5. The airfoil time response in both the 
plunge and pitch axis is buffered (Figure 6). After 
the airfoil response finishes, the FFT is launched 
(Figure 7). The airfoil response is almost negligible, 
and faster speeds are required to maintain the "enve-
lope expansion" process. 
2. Free stream speed: 40 m/s 
At 40 m/s, the airfoil response is noted (Figure 8). 
Two characteristic modes are clearly distinguished in 
both the time and frequency planes: 5.2 Hz in the 
plunge and 9.6 Hz in the pitch (Figure 9). This behav-
ior is representative of fighter aircrafts. Fighter air-
crafts usually display a greater stiffness in pitch 
(torsion) than in plunge. In addition, the high damp-
ing in both modes allows the process to continue and 
decreases the time required to enter the next stage. 
3. Free stream speed: 50 m/s 
At 50 m/s, the damping of the response is clearly 
degraded (Figure 10). However, once the excitation 
finishes, the airfoil returns to a steady position. At this 
speed, the frequencies of the characteristic modes move 
in a "coalescence" behavior. The plunge characteristic 
frequency increases up to 5.6 Hz, whereas the pitch 
decreases to 9.1Hz (Figure 11). In addition, the FM 
degrades from 21,200 to 13,200, anticipating flutter. 
4. Free stream speed: 60 m/s 
At 60 m/s, the coalescence mechanism and the small 
damping modes are confirmed (Figure 12). The 
plunge characteristic frequency increases to 6.4 Hz 
and the pitch decreases to 7.7 Hz (Figure 13). In this 
case, the FM is degraded from 13,200 to 1700 
(Figure 14). In a realistic scenario at this stage, the 
envelope expansion process must stop because the 
flutter onset speed is close. By matching the FM 
values to a cubic function, a flutter onset speed of 
62 m/s is anticipated. The airfoil response became 
unstable at 64 m/s. As expected, the FM provided 
conservative flutter speed estimations. 
Freeplay 8 —[—0.01 +0.01] m: Modes evolution 
with free stream speed 
1. Free stream speed: 20 m/s 
Following a similar process as shown in the previ-
ous paragraph, the freeplay in the plunge is noticeable 
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Figure 5. Input signal: Pitch control surface deflection "chirp shaped." 
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Figure 6. Plunge/Pitch time histories: No freeplay and an airspeed of 20 m/s. 
after low speeds. In this case, the aerodynamic force 
governs the airfoil behavior in the plunge axis, differ-
ent from without the freeplay (Figure 15). Two char-
acteristic modes are distinguished in both the time and 
frequency planes: 4.2 Hz in the plunge and 9.6 Hz in 
the pitch (Figure 16). 
(Figure 17). However, elastic energy is produced for 
high frequency excitations. The coalescence mechan-
ism is confirmed. The plunge characteristic frequency 
increases to 5.2 Hz, and the pitch decreases to 9.4 Hz 
(Figure 18). The LCO Margin remains approximately 
unchanged. 
2. Free stream speed: 40 m/s 3. Free stream speed: 54m/s 
At 40 m/s, the airfoil behavior in the plunge axis is At 54 m/s, the airfoil has developed a sustained LCO 
noticeably different from that without freeplay at 4.8 Hz (Figure 19). The "non-linear" mode 
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Figure I I. FFT: no freeplay and an airspeed of 50m/s. 
associated with the freeplay has coupled with the elas-
tic pitch response; this mechanism has allowed an 
LCO. At this stage, the FM value is 8800, indicating 
that the airfoil remains below the flutter onset speed. 
Because the LCO Margin is at a maximum, this value 
indicates that the envelope expansion could continue 
beyond the LCO identified speed. 
Considering the freeplay case, the classical modal 
coalescence still persists, but its identification is more 
unreliable than in the no-freeplay case. This unreli-
ability results from the coalescence being performed 
with a "low energy" non-linear mode associated with 
the freeplay. The correspondent linear mode does not 
occur in the mechanism until the flutter conditions are 
fulfilled. An incipient (low amplitude) LCO can be 
envisaged at 47 m/s, having the LCO is fully devel-
oped at 54m/s. With the LCO mechanism being 
linked to a plunge freeplay and quasi-steady aero-
dynamics, the LCO is maintained in an interval of 
airspeed ranging from 54 m/s to 62 m/s when the 
system characteristics are those denned for this simu-
lation. Additionally, the LCO amplitude increases 
as airspeed increases to the flutter onset speed 
(Figure 20). 
The LCO mechanism is also provided in the 
phase plane denned by the plunge and plunge rate 
in Figure 21. 
Representing both the flutter and LCO margins, 
the results are obtained in Figure 22. 
Experimental validation: F I 8 test case 
The model was validated by using real F18 test data.5 
The F18 maintains a wing folding system (see 
Figure 23), saving space when shipped in a carrier. 
Wing folding is a common source of freeplay because 
of the intensive use of the aircraft when operating 
from a carrier-type vessel. The certified flight envelope 
must consider this degradation process to avoid LCO 
phenomena, and the proposed methodology can help 
to validate these envelopes even after the early stages 
of a flight test campaign. 
Flight flutter test campaigns must be performed 
every time a new external stores configuration needs 
to be validated for a fighter-type aircraft. Specifically 
for the F18, these campaigns aim not only to deter-
mine the flutter onset speed but also those areas of the 
flight envelope where LCOs can occur. For example, 
it is well known that the F/A-18A/B aircraft can 
experience an unacceptable 5.0-6.0 Hz oscillation at 
low altitude and high speed when carrying heavy 
stores on the outboard wing pylons and AIM-9 mis-
siles on the wing tips.21 In order to address this kind 
of phenomena while expanding the flight envelope in 
real-time, potential regions of non-linear behavior 
must be anticipated before proceeding with the next 
test point. 
For flight flutter test purposes, the F18 is fitted 
with accelerometers and extensometers, whose signals 
20 
f « 
£ 
i o 
c 
3 
Q. -10 
-20 
( 
30 
20 
g> 10 
U 
£-10 
[60 m/s] PLUNGE RESPONSE 
nn/W.u,.UUiUIUlllllflBj 
"" """fll!" 
1 
Wllrll l l ' l lkK 
ippiw*"*1 
5 10 15 20 25 30 35 40 
T ime (s) 
[60 m/s] PITCH RESPONSE 
jii 
mil 11 Hill 
ill 
1 111' 
0 5 10 15 20 25 30 35 40 
T i m e ( s ) 
Figure 12. Plunge/pitch time histories: no freeplay and an airspeed of 60 m/s. 
FFT (60 m/s) - PLUNGE and PITCH 
500 
H 
u_ " u 
0 
Plunge 
Pitc h 
6 8 
Frequency (Hz) 
Figure 13. FFT: no freeplay and an airspeed of 60 m/s. 
1.4 -
1.2 -
s 1 
' 5 0.8 
0.4 -
0.2 -
0 
Flutter Margin [No Freeplay] 
« ^ _ 
f V 
N^  
\ 
\ 
\ 
\ 
10 20 30 40 
Airspeed (m/s) 
50 60 70 
Figure 14. Flutter margin [no freeplay]. 
20 
f io 
E 
H 0 
c 
3 
Q. -10 
-20 
30 
20 
f 1" 
•a 
u 
£ - 1 0 
-20 
-JO 
Freeplay (0.02 m) -120 m/s] PLUNGE RESPONSE 
hhhM \ J V VvVvv 
MIWJI/W*. 
IJIK(|VV — 
i i 
1 5 10 15 20 25 30 35 4 
Time (s) 
Freeplay {0.02 m) - [20 m/s] PITCH RESPONSE 
) 5 10 15 20 25 30 35 4 
Time (s) 
0 
0 
Figure 15. Plunge/pitch time histories: freeplay: [—0.01 +0.01] m and an airspeed of 20m/s. 
are acquired and sent in real-time to a monitoring 
station. In addition, a Flutter Exciter Controller 
Unit (FECU), which allows the ailerons to be driven 
in sine dwells, sweeps or random, is also installed. 
FECU is used to command preprogrammed 
excitations into the aircraft in order to get the real-
time structural response to those. Data from key 
accelerometers are analyzed and the frequency and 
damping for each identified mode are estimated. 
As a general rule for flutter test, if the estimated 
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Figure 16. FFT: Freeplay: [—0.01 +0.01] ms and an airspeed of 20 m/s. 
20 
f 18 
E 
i ° 
C 
9 
D. -10 
-20 i 
30 
20 
§ 10 
•o 
s ° 
a 
E-10 
-20 
-30 
< 
Freeplay (0.02 m) - [40 m/s] PLUNGE RESPONSE 
p/ilM \jyyVYW 
) 5 10 15 20 25 30 35 4 
Time (s) 
Freeplay (0.02 m) - [40 m/s] PITCH RESPONSE 
* — iHJritiujftAilll mm ii MM m 91 in n |f| |p fen 
•P" 
) 5 10 15 20 25 30 35 4 
Time (s) 
0 
0 
Figure 17. Plunge/pitch time histories: freeplay: [—0.01, +0.01] m and an airspeed of 40 m/s. 
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Figure 19. Plunge/Pitch time histories: Freeplay: [—0.01, +0.01] m and an airspeed of 54 m/s. 
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Figure 21. LCO depicted in the phase plane. 
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Figure 23. FI8 wing fold detail. 
damping during a flight drops to less than 1.5% of 
critical or mode coalescence has been clearly identi-
fied, then any additional planned envelope expansion 
points at similar or greater Mach number of dynamic 
pressure should not be attempted. However, this pro-
cedure can be revisited if LCO is guessed to be pre-
sent. In that case, LCO Margin, in addition to FM, 
can be used as an additional tool to progress in the 
envelope expansion using small speed increments. For 
that purpose, LCO Margin, as defined in the present 
paper, must be applied over on-conditioned flight test 
data using several numeric algorithms. 
Data from Table 1 in the literature5 (when properly 
harmonized and using the minimum admissible damp-
ing value according to Military Specifications22) have 
been used to validate the model. The results show 
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Figure 24. FI8 flight test: f lut ter margin vs L C O Margin. 
(Figure 24) how the LCO margin is able to predict 
LCO conditions in a less conservative way than pre-
viously proposed margins.5 
The following three margin functions have been 
used in Figure 24 
FMi Linear (48) 
•F-MNonlinear 
m\ - co\ • (ad/ji - \y (49) 
ud = Maximum allowed adimensional freeplay 
FMLco = e (50) 
Conclusions 
A LCO Margin function has been proposed for pre-
dicting LCOs associated to the plunge freeplay. As 
expected, when structural and inertial properties 
comply with certain combinations (stated in the formu-
lation provided), LCOs can be encountered at speeds 
below flutter speeds. These lower speeds produce a flut-
ter boundary identification that is excessively conserva-
tive. The LCO mechanism presented in this paper, 
which substantiates the review of the FM, has been 
verified through simulations based on "quasi-steady" 
aerodynamic models.23 In addition, a flight test shows 
a good match with the results obtained. 
The proposed LCO margin assists real-time deci-
sions in continuing with envelope expansion when no 
damping is present, and this margin is shown as a 
complementary tool to the FM when freeplay is sus-
pected to influence aeroelastic instability. 
Finally, although the interactive Matlab-Simulink 
model helps to understand the LCO mechanism asso-
ciated with freeplay, several improvements can be 
implemented to complete the investigation of 
this area. Unsteady aerodynamics and large deflec-
tions, along with the experimental data validation, 
are proposed by the authors as lines of future 
investigations. 
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Notation 
a 
b 
Fa 
Fh 
FFT 
FM 
h 
h 
h 
Hz 
4 
Ka 
Kh 
L 
LCO 
LCO 
m 
M 
P 
ra 
&a 
u 
xa 
a 
a 
a 
ad 
& 
P 
\i 
CO 
coa 
coh 
non-dimensional distance from the mid 
chord to the elastic axis 
airfoil mid chord 
force in the pitch axis 
force in the plunge axis 
Fourier fast transform 
flutter margin 
plunge displacement 
plunge rate 
plunge acceleration 
Hertz 
mass moment of inertia about the 
elastic axis 
spring constant in pitch 
spring constant in plunge 
lift 
limit cycle oscillation 
LCO margin 
airfoil's mass 
aerodynamic moment 
differential operator 
dimensionless radius of gyration 
static mass moment per unit span 
about elastic axis 
free stream true velocity 
distance between the elastic axis and the 
center of mass 
pitch angle (under the assumptions 
made, equals to angle of attack) 
pitch rate 
pitch angular acceleration 
adimensional freeplay/initial 
conditions parameter 
freeplay in the plunge axis 
density of air 
27ipb/m, mass parameter 
LCO motion frequency 
torsion structural natural frequency 
bending structural natural frequency 
